Transcranial magnetic stimulation (TMS) can interfere with smooth pursuit or with saccades initiated from a fixed position toward a fixed target, but little is known about the effect of TMS on catch-up saccade made to assist smooth pursuit. Here we explored the effect of TMS on catch-up saccades by means of a situation in which the moving target was driven by an external agent, or moved by the participants' hand, a condition known to decrease the occurrence of catch-up saccade. Two sites of stimulation were tested, the vertex and M1 hand area. Compared to conditions with no TMS, we found a consistent modulation of saccadic activity after TMS such that it decreased at 40-100ms, strongly resumed at 100-160ms, and then decreased at 200-300ms. Despite this modulatory effect, the accuracy of catch-up saccade was maintained, and the mean saccadic activity over the 0-300ms period remained unchanged. Those findings are discussed in the context of studies showing that single-pulse TMS can induce widespread effects on neural oscillations as well as perturbations in the latency of saccades during reaction time protocols. At a more general level, despite challenges and interpretational limitations making uncertain the origin of this modulatory effect, our study provides direct evidence that TMS over presumably non-oculomotor regions interferes with the initiation of catch-up saccades, and thus offers methodological considerations for future studies that wish to investigate the underlying neural circuitry of catch-up saccades using TMS.
Introduction
Transcranial magnetic stimulation (TMS) has been proven a useful technique to investigate noninvasively the neural circuitry underlying eye movements, such as visually guided saccades, and smooth pursuit [1, 2] . In reaction time protocols, depending on the timing of TMS with respect to the target appearance and/or expected saccade onset, TMS can sometimes shorten or increase the reactive saccade latency [3, 4] . In this context, TMS over brain areas such as the frontal eye field (FEF) [5] [6] [7] , or the cerebellum [8, 9] has been shown particularly effective. However some studies report that TMS over the vertex can also be effective [3, 4] , thereby suggesting that some of these effects are not necessarily restricted to a single brain area, and can PLOS ONE | https://doi.org/10.1371/journal.pone.0205208 October 11, 2018 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
extend beyond well-established oculomotor regions. Regarding smooth pursuit activity, TMS has been shown to induce increase or decrease in pursuit velocity depending on target dynamics, when being applied over brain regions such as FEF [10, 11] or the cerebellum [12, 13] . Despite the fact that many studies have been performed to document the effect of TMS on smooth pursuit and visually guided saccades, to our knowledge, there are no studies that investigated the effect of TMS on catch-up saccades, a special type of saccade initiated during smooth pursuit when position and/or velocity error become too important [14] . The goal of the current study is to provide preliminary information regarding the possible effect(s) of TMS on catch-up saccades. To achieve this goal we reanalyzed the data collected in our recent study [15] that focused on the effect of TMS over the primary motor cortex (M1) during smooth pursuit activity. In that study our protocol included two main situations, one in which the eyes had to track a visual target that followed a trajectory determined by an external agent, and one in which the target was moved by the participants' hand, a condition known to decrease the occurrence of catch-up saccade [16] [17] [18] . As will be shown later, because we have found that TMS over M1 had an impact on the initiation of catch-up saccade, we have decided to analyze additional data from the same participants in which TMS was applied over the vertex, a brain region presumably even less concerned with eye movements than M1. The current study will demonstrate that, following M1 or vertex stimulation, there is a consistent modulation of catch-up saccade activity no matter whether participants track an externally or a selfmoved target. Overall the robustness of our findings emphasizes the necessity to include control sites in future studies that wish to investigate the neural circuitry of catch-up saccades with TMS.
Methods
As a more detailed description of the equipment, experimental design and tasks can be found in our previous study [15] , here we only report crucial information. Note that TMS could be triggered in two different ways in our previous study: either by the target kinematics (main experiment) of by the eye kinematics (control experiment). Here we focus on the data collected during the control experiment, but similar modulatory effects of TMS of saccadic activity are obtained with the data from the main experiment. Please also note that we present new data from the same participants investigating the effect of TMS over the vertex (not shown in our earlier study).
Participants
Six healthy right-handed volunteers were recruited (age: 27.3 ± 10.0, hereinafter mean ± standard deviation 5 male). Half of them participated to the main TMS experiment [15] which was performed one year prior to this control experiment. These 3 participants were chosen randomly from the original pool of subjects. Several days before the experiment, participants received written and oral information about the TMS technique, and underwent examination to confirm that they had no contraindications to TMS [19] . All participants gave written consent prior to participation and received 40€. The experimental paradigm (N˚2013-1346) was approved by local ethics committee called "Comité de Protection des Personnes Sud Méditer-ranée 1", and complied with the Declaration of Helsinki.
Setup
A drawing of the experimental setup is shown in Fig 1. Being comfortably seated in a dark room, participants faced a screen positioned on the frontal plane 57 cm away from the eyes. A mask positioned under the participants' chin blocked vision of the hands. In some of the experimental conditions participants were required to grasp with the right hand a force sensor (ELPM-T1M-25N, Entran, Fairfield, NJ) between the index finger and the thumb. Electromyographic activity was recorded from the first dorsal interosseous. The target was a red disk (0.5i n diameter) projected on the screen by means of a laser beam moved by a servo-controlled optical scanner (delay < 2 ms). Right eye movements were recorded using an infrared videobased eye tracker (Eyelink Desktop-mounted system, SR Research). All signals were collected at 1000 Hz.
TMS hotspot search
A figure of eight double coil (70 mm) connected to a Magstim Bistim2 magnetic stimulator (Magstim, Whitland, UK) was positioned tangentially to the scalp, and oriented perpendicular to the central sulcus and 45˚angle to the interhemispheric fissure [20, 21] . The site at which the largest grip force pulse elicited was determined while the participant held a constant grip force (GF) of 3N. When being located we determined the corresponding active motor threshold (AMT) at that grip force level. Mean group AMT was 40.0 ± 4.9% of maximum stimulator output. During the experiment TMS intensity was set at 52.8 ± 6.7% of maximum stimulator output (130% of AMT), resulting in grip force pulses of about 2N when holding a constant GF of 3N. When investigating the stimulation of the vertex, the coil was placed over the central midline (or Cz according to the EEG 10-20 electrode system). As expected, TMS over the vertex did not induce any modulation of grip force.
Experimental design
In all trials, participants were asked to track with their eyes a moving target on the screen as precisely as possible. Depending on the experimental condition, target motion was driven either by the participants' hand (SELF) or by an external agent (EXTERNAL). When participants drove the target motion through grip force modulations (SELF protocol), the mapping was chosen such that, when GF = 3N the target was positioned at the center of the screen, when GF = 5N the target moved 15˚to the right (+), and when GF = 1N the target moved 15t o the left (-). Participants were instructed to perform random oscillatory target movements (for a similar procedure see [17, 18, 22] ). The rational was to make target motion as unpredictable as possible when being subsequently played back in the EXTERNAL conditions (see later).
A total of 3 conditions were tested with a self-moved target. In the first one called SELF, the participants had to move the target randomly with the hand and track it with the eyes. In the SELF-M1 condition, the task was identical but intermittently (4 times per trial) TMS pulses were triggered (see more details later). Despite that the effect of TMS on grip force induced fast target jumps, participants were encouraged to keep on tracking the target. In the SELF--VERTEX condition, the task was identical except that this time TMS was triggered over the vertex, and therefore did not induce target jumps.
Regarding trials under which target motion was externally driven (EXTERNAL), a total of 3 conditions were tested. In the first one, called EXT, target trajectories collected during SELF were played back. Each participant was presented his/her own trials. In the second condition, called EXT-M1, a similar procedure was used except that occasionally (4 times per trial) TMS was triggered over M1. In the third one, called EXT-VERTEX, the procedure was similar to EXT-M1 but this time TMS applied over the vertex. Overall we explored a total of 6 experimental conditions. Each participant performed 1 block of 15 trials (30s each) in each of these experimental conditions. The order of the blocks was randomized except the SELF block which had to be completed first before participants could perform the EXT, EXT-M1, and EXT-VERTEX blocks. To comply with this randomization of the blocks, the coil was repositioned over M1 or the vertex within a few minutes.
Timeline of TMS
TMS was triggered by current eye velocity which had to be in the vicinity of 20˚/s (range: 17-23˚/s) for at least 10 ms. This method was intended to ensure that TMS was triggered in comparable states of the eye, but also to prevent that TMS was triggered during an ongoing catchup saccade. TMS was applied four times within each trial: two during a rightward target motion, and two during a leftward target motion, with an order that was randomized across trials. We also imposed that TMS could not be triggered during the first 4 seconds, and that consecutive TMS pulses were separated by at least 4.5 seconds.
Data analysis
We first performed a sequence of analyses to separate periods of smooth pursuit, saccades and blinks. The identification of blinks led to the removal of about 1% of eye recordings. Eye position time series were then low-pass filtered with a Butterworth (4th order) using a cutoff frequency of 25 Hz. The resultant eye position signals were differentiated and were low-pass filtered with a cutoff frequency of 25 Hz to remove the noise from the numerical differentiation. The resultant eye velocity signals were also differentiated and low-pass filtered at 25 Hz to provide acceleration traces. A dedicated Matlab script identified the beginning and end of each saccade based on acceleration and deceleration peaks (>1500˚/s 2 ). Subsequent visual inspection allowed to detect saccades (<1˚) that could not be identified by our program.
To assess the effect of TMS on the initiation of catch-up saccades the probability to observe a saccade (or fraction of a saccade) was computed for each of the 20 ms time bin that composed the time interval starting 40 ms before TMS and finishing 340 ms after TMS. For comparison purposes, saccade probability was also computed for equivalent time periods when there was no TMS (but in which TMS could have been triggered given our criteria on eye kinematics). The accuracy of catch-up saccades was also examined in the same time interval by measuring the absolute distance between eye and target position at the end of saccade. Because the effect of TMS on catch-up saccades was similar when it was triggered during rightward or leftward target motion, both types of observations were pooled. Overall, with 4 TMS pulses per trial, we obtained 60 (15×4) observations per subject and per condition.
Statistical analysis
A key issue was to assess whether comparable effects of TMS were observed when stimulating M1 and the vertex. To achieve this goal we focused on the comparison between EXT, EXT-M1, and EXT-VERTEX, as well as between SELF, SELF-M1, and SELF-VERTEX. In both cases we used repeated measure ANOVA to assess the effect of experimental conditions. Newman-Keuls corrections were used for post-hoc t-tests to correct for multiple comparisons. A conventional 0.05 significance threshold was used for all analyses.
Results
Fig 2 presents raster plots of catch-up saccades for all participants in all the experimental conditions. Although saccades are distributed rather uniformly during SELF and EXTERNAL, one can notice some clear modulations of saccadic activity following TMS over M1 or the VERTEX. Indeed about 40-100 ms after TMS, saccadic activity drops substantially but then strongly resumes within the next 60 ms, and lastly decreases again at about 200-300 ms. To investigate this phenomenon in more detail, we have collapsed all the trials and computed the probability that some saccadic activity is observed within each 20ms time bin following TMS.
TMS when tracking a self-moved target
The top row of Fig 3 presents all the extracted catch-up saccades obtained from each of the 6 participants (for convenience those saccades were shifted vertically and centered around 0˚). Each of the self-moved target condition is displayed on a separate panel. The bottom row presents the corresponding saccade probability within each 20ms time bin. Both rows indicate that, in comparison to SELF (most leftward column), saccadic activity oscillated substantially more in the other two conditions. However, because saccadic activity during SELF was not totally stable, we have decided to subtract this (baseline) activity from the other two conditions so as to circumvent more explicitly the net effect of TMS.
The net effects of TMS on saccade probabilities are presented in Fig 4. Following TMS we clearly see a drop in saccadic activity followed by a rebound, and then another drop. To account for this modulation, using one-way ANOVA, we have compared saccadic activity across our 3 conditions at the specific moments: 70, 130, and 250 ms. In each case results showed an effect of COND (F(2,10)>4.65, p<0.05). Post-hoc analyses indicated that at 70 and 250 ms, saccadic activity was smaller in SELF-M1 and SELF-VERTEX compared to SELF (p<0.05). In contrast, post-hoc analyses revealed that at 130 ms, saccadic activity was greater in SELF-M1 and SELF-VERTEX compared to SELF (p<0.05). For all these three epochs, we found no significant difference between SELF-M1 and SELF-VERTEX (p>0.15) suggesting that this modulatory effect of TMS was similar for M1 and vertex stimulation. Further analyses confirmed that the magnitude of the modulation in saccadic activity, as estimated by the change in saccadic activity between 70 and 130 ms, was similar in SELF-M1 and SELF-VER-TEX, reaching respectively 31.5 and 28.6% (F(1,5) = 0.71; p = 0.43).
A subsequent analysis consisted in investigating whether those successive phases of inhibition and facilitation changed the overall saccadic activity during the 0-300ms epoch following TMS. To address this issue we have computed for each condition the mean saccadic probability over that period. One-way ANOVA on this index showed no significant difference across the 3 SELF conditions (F(2,10) = 1.66; p = 0.23). This analysis suggests that, despite some modulations of saccadic activity induced by TMS, the overall amount of saccades initiated during that time window was preserved.
Finally we examined the accuracy of catch-up saccades during SELF and SELF-VERTEX (in which the target trajectory was not perturbed by TMS) at the 3 following epochs: 70, 130 and 250 ms. Two-way ANOVAS (TIME by TMS) showed no significant main effect of TMS (F(1,5) = 1.81; p = 0.24), TIME (F(2,10) = 2.06; p = 0.18), or interaction between the two (F(1,5) = 0.45; https://doi.org/10.1371/journal.pone.0205208.g002 p = 0.64). Overall, the mean accuracy of catch-up saccade was 2.1˚. Note that we felt it was unfair to include the SELF-M1 condition in this analysis because we know from our previous study [15] that gaze cannot follow the brief target jump induced by TMS, which thereby underestimates the accuracy of catch-up saccade.
TMS when tracking an externally moved target
Before we address whether the effect of TMS holds when tracking an externally moved target, we would like to stress a key difference in terms of (baseline) saccadic activity. Indeed, although participants initiated on average 3.19 saccades per second in the SELF conditions, this rate increased to 4.17 during the EXTERNAL conditions (+31%; p<0.01). This effect is consistent with other studies [16] [17] [18] 22, 23] .
In Fig 5 we present saccadic signals and saccadic probabilities associated with each of the 3 external conditions. As previously reported for the self-moved conditions, visual inspection suggests that TMS was accompanied by a modulation of saccadic activity. To circumvent the net effect of TMS, saccade probabilities observed in EXT were subtracted from those observed in EXT-M1 and EXT-VERTEX. The resulting graphs presented in Fig 6 provide evidence for a similar oscillatory effect of TMS as the one exposed in Fig 4. To account for this modulation, we have run one-way ANOVA comparing our 3 conditions at each of the following epochs: 70, 130, and 230 ms. In each case we found a main effect of COND (F(2,10)>4.34, p<0.05). Post-hoc analyses indicated that at 70 and 230 ms, saccadic activity in EXT-M1 was smaller compared to EXT (p<0.05). A similar tendency was observed when contrasting EXT-VERTEX and EXT, but the effect was marginal (p = 0.06 for 70 ms, and p = 0.11 for 230ms). Examination of the 130 ms epoch revealed greater saccadic activity in EXT-M1 and EXT-VERTEX compared to EXT (p<0.05). For all these three epochs, we found no significant difference between EXT-M1 and EXT-VERTEX (p>0.25) suggesting rather similar effects of TMS for M1 and vertex stimulation. This view is validated by the lack of significant difference between the modulation of saccadic activity in EXT-M1 and EXT-VERTEX (i.e. change in saccadic activity between 70 and 130 ms) reaching respectively 23.4 and 19.5% (F(1,5) = 0.97; p = 0.36). Although seemingly smaller, these variations were comparable to the ones observed during SELF-M1 and SELF-VERTEX (F(3,15) = 1.11; p = 0.37).
As previously done for the SELF conditions, we investigated the overall saccadic activity over the 0-300 ms period following TMS. One-way ANOVA of the mean saccadic probability over that period showed no significant difference across the 3 EXTERNAL conditions (F(2,10) = 0.23; p = 0.79). Finally we compared the accuracy of catch-up saccades in the 3 EXTERNAL conditions at the following epochs: 70, 130 and 230 ms. Again two-way ANOVAS (TIME by TMS) showed no significant main effect of TMS (F(2,10) = 0.41; p = 0.67), TIME (F(2,10) = 0.88; p = 0.44), or interaction (F(4,20) = 1.65; p = 0.20). Overall, the mean accuracy of catch-up saccade was 2.7˚.
Discussion
To our knowledge this study is the first one to explore the effect(s) of TMS on catch-up saccades. At this stage our study brought the following two key observations. First we showed that TMS over M1 and the vertex disrupted the initiation of catch-up saccades no matter whether the target motion was driven by the hand or an external agent. In both cases we observed the same pattern: a depletion in catch-up saccade followed by a rebound, and another depletion. Second, despite those obvious modulations in saccadic activity, we showed that the overall amount of catch-up saccades was preserved, and that their accuracy did not suffer from TMS. We plan now to discuss in more details those findings and their implications.
TMS alters the initiation of catch-up saccades
We consistently observed that TMS induced a pause in saccadic activity (at 40-100ms) followed by a rebound (at 100-160ms) and a depletion (at 200-300ms). A first possibility to account for these findings is that TMS induced an oscillation in saccadic activity resulting in successive phases of inhibition and facilitation. This possibility is in line with combined TMS/ EEG studies suggesting that a single-pulse over M1 could trigger an oscillation and/or reset the ongoing rhythmic activity [24] [25] [26] [27] . Furthermore those perturbing effects have been shown to last up to 200 [24] or even 500 ms [25] , a time scale that is compatible with our study. Importantly TMS can induce widespread effects on neural oscillations [25, 26] , and involve after- effects on subcortical structures [25, 27] , allowing TMS over M1 or the vertex to possibly interfere with oculomotor regions.
Alternatively, rather than successive inhibition/facilitation/inhibition in the generation of catch-up saccades, those modulations in saccadic activity could follow from the fact that TMS is known to interfere with the timing of saccade initiation. As exposed in the introduction, many studies have shown that TMS can effectively delay [3, 5, 28, 29] or shorten [4, 6, 8, 9 ] the initiation of an upcoming saccade during reaction time protocols. Within this framework, the initial depletion in saccade observed at 70 ms could result from a delay in upcoming saccades, and the rebound seen at 130 ms would emerge from the superposition of those delayed saccades with regular ones. Regarding the second depletion observed at 230-250 ms, this effect is less straightforward but could result from a shortening of saccade latency which thereby also contributed to the preceding rebound. Although this possibility needs to be further explored, this mechanism in which TMS only interfered with the timing of saccade initiation accounts well for the fact that the overall amount of saccades initiated over the 0-300ms period was preserved.
Irrespective of the underlying mechanism, it is also crucial to put forward that TMS induced a pattern of modulation of saccadic activity, whose shape and magnitude, did not vary much across the various contexts tested in this study. Not only the effect was similar for M1 and vertex stimulation, but we also found similar effects no matter whether the target was self or externally driven, despite differences in baseline saccadic activity (30% higher during EXTERNAL). Although these TMS effects have never been described elsewhere, the fact that TMS can interfere with saccadic activity in a similar way from various brain regions has already been reported by Xu-Wilson and colleagues [4] . Indeed, these authors showed similar alterations in saccade latency no matter TMS was applied over the vertex, the cerebellum, the parietal cortex, or the frontal lobe. To account for this observation, they proposed that TMS might produce an activation of the startle system, whose circuitry relies on the reticular formation, a structure that is also involved in the saccadic system [30] . However it is central to point that a loud sound speeds up the initiation of externally guided saccades by about 80 ms [31] , an effect consistent with faster releases of hand movements [32, 33] . However this effect contrasts markedly with the initial depletion in catch-up saccades observed in our study, making unclear the contribution of a startling effect. Future studies will have to assess this possibility more explicitly.
TMS does not alter the accuracy of catch-up saccades
It is noteworthy that despite clear modulations in saccadic activity, saccades initiated during the inhibition/facilitation periods landed as close from the target as regular saccades (i.e. initiated without TMS). At first sight this observation seems consistent with the study of Priori and colleagues [3] in which TMS over the vertex delayed saccades but did not alter their accuracy, even though are several differences with respect to our study. First in our study we did not use a fixed target but instead used a moving one, making the accurate landing of saccades more challenging; when considering the mean target velocity in our tasks (about 30˚/s), an alteration of 50 ms in the timing of a saccade permits a change of 1.5˚in target position. Second, Priori and colleagues used a larger circular coil whose center was placed on the vertex, thereby potentially stimulating FEF and M1. Still, why did not saccade accuracy suffer from TMS? In the context of a neural oscillation, one possibility is that TMS can inhibits/facilitates overall saccadic activity but does not interfere with the actual programming of saccades, allowing them to remain accurate. In the context of TMS altering the timing of saccade initiation, we see two options. A first option is to consider that TMS induces a similar time shift in the preparation and execution of saccades. A second option is to propose that the brain is able to monitor internally this change in timing, like Xu-Wilson and colleagues [4] who observed that TMSinduced perturbation of the eye trajectory was corrected within the same saccade, allowing the eye to reach the (fixed) target. To account for this performance they suggested that, as the saccade unfolds, the brain maintained a real-time estimate of the eye position. However, because our target was constantly moving, the internal monitoring of eye position needs the adjunction of an accurate representation of target trajectory (i.e. to update adequately eye motor commands for the novel target position). Moreover, although the notion of internal model is often evoked for a self-moved target [34] [35] [36] , this is less obvious for an externally-moved target following a random trajectory [37] . Overall it seems simpler to consider that TMS altered both the programming and the initiation of catch-up saccades. More generally, recent behavioral work suggests that movement preparation and initiation are mechanistically independent and may be subtended by distinct neural bases [38] , but here in the context of catch-up saccades, TMS was apparently unable to perturb selectively one of these two operations.
Differential effects of TMS on smooth pursuit and catch-up saccades
In contrast with our previous study showing no alteration of smooth pursuit with TMS [15] , here we show that TMS interferes with catch-up saccades. On the one hand this observation may seem at odd with several evidences of a synergistic behavior between smooth pursuit and saccades [39, 40] , especially considering that some neural structures, such as the superior colliculus [41] or the oculomotor cerebellar vermis [42, 43] , are shared by the saccadic and smooth pursuit systems. On the other hand, this observation is reminiscent of another study in which we found an update of smooth pursuit when exposed to a complex hand-target mapping, but no update of catch-up saccades [17] . Altogether these separate behaviors, as evidenced through TMS and an adaptation protocol, question the extent of a synergy between smooth pursuit and catch-up saccade. Our results demonstrate also that, although catch-up saccades are swift movements taking place on the background of a behavior (smooth pursuit) unaffected by TMS, these secondary movements can nevertheless remain sensitive to TMS. One possible reason making saccades more exposed to TMS could stem from the fact that they are driven by a more extended neural network than smooth pursuit [44] .
Conclusion
In this study we showed that TMS over M1 or the vertex were both effective in perturbing the initiation of catch-up saccades, even though these two regions are rarely evoked for eye movements. As a result this study puts forward TMS as novel tool for perturbing catch-up saccades. Whether TMS over more traditional oculomotor regions (FEF or cerebellum) would be as effective, or possibly more effective, is still unknown and should be addressed in future studies. Finally, despite several limitations making unclear the exact neural mechanism underlying the effect of TMS on catch-up saccades, our study emphasizes that this effect is robust (i.e. task independent) and therefore should be considered by future studies that wish to investigate the neural circuitry of catch-up saccades with TMS. In that sense, we hope this study provides tutorial guidance and methodological considerations for upcoming studies.
